[1] Through three-dimensional large-eddy simulations of marine stratocumulus we explore the factors that control the cloud spectral relative dispersion (ratio of cloud droplet spectral width to the mean radius of the distribution) as a function of aerosol number concentration and the extent to which the relative dispersion either enhances or mitigates the Twomey effect. We find that relative dispersion decreases with increasing aerosol number concentration (for aerosol number concentrations less than about 1000 cm À3 ) because smaller droplets resulting from higher aerosol number concentrations inhibit precipitation and lead to (1) less spectral broadening by suppressed collision and coalescence processes and (2) more spectral narrowing by droplet condensational growth at higher updraft velocity because reduced drizzle latent heating at cloud top results in increased boundary layer turbulent kinetic energy production by buoyancy and thereby stronger turbulence. Increased spectral broadening owing to increased cloud-top entrainment mixing, also as a result of increased boundary layer turbulence, is relatively insignificant compared with outcomes 1 and 2. The coefficient k, an important parameter that relates cloud droplet effective radius and volume mean radius in large-scale models, is a function of skewness and relative dispersion of the distribution and is negatively correlated with relative dispersion. Increasing k with increasing aerosol number concentration leads to maximum enhancement of the cloud susceptibility (the change of cloud optical depth due to change of cloud droplet number concentration) over that attributable to the Twomey effect alone by about 4.2% and 39% for simulated FIRE and ASTEX cases, respectively. 
Introduction
[2] Cloud droplet effective radius (r e ) is one of the important parameters in calculating cloud optical properties in large-scale models. Parameterization of effective radius in modern large-scale models is generally represented by the following relationship between the volume mean radius (r v ) and the cloud drop effective radius (r e ) [e.g., Bower and Choularton, 1992; Gultepe et al., 1996; Ovtchinnikov and Ghan, 2005] ,
By the definition that r v = (3w/4pr w N) À1/3 , where r w is the water density, r e is related to the cloud liquid water content, LWC (w), and cloud droplet number concentration (N) by k, r e ¼ 4 3 pr w À1=3
and therefore r e can be diagnosed by (predicted) w and N. r e is the key parameter to link the cloud microphysics with radiation in large-scale models. The coefficient k can be expressed analytically as a function of droplet relative dispersion (d = s/r) and skewness (s) [Pontikis and Hicks, 1992; Martin et al., 1994] of the droplet number concentration distribution n(r),
where r is the droplet radius. Inferred from (1) and (3), the parameter k represents the effect of droplet spectral shape on cloud optical properties. For a monodisperse droplet spectrum, k is unity. The standard deviation (s) and skewness (s) of the droplet spectrum are given by
respectively. Here r is the mean radius.
[3] Large-eddy simulation (LES) provides a means to probe cloud behavior theoretically and to unravel effects of aerosol microphysics and cloud dynamics [e.g., Feingold et al., 1997; Stevens et al., 1998; Ackerman et al., 2004; Lu and Seinfeld, 2005] . In the present work we consider stratocumulus clouds and the effect of aerosol number concentration (N a ) on cloud droplet spectral dispersion using LES simulation. We seek elucidation of the factors that control relative values of dispersion between clean (smaller N a ) and polluted (larger N a ) conditions and of the extent to which relative dispersion either enhances or mitigates the Twomey effect [Twomey, 1977 [Twomey, , 1991 , otherwise known as the first indirect climatic effect of aerosols.
Overview
[4] The climatic influence of anthropogenic pollution on cloud shortwave albedo is generally referred to as the Twomey effect [Twomey, 1974] or the first aerosol indirect effect. In this effect pollution can increase the cloud reflectance (albedo) via increasing cloud droplet number concentration. At constant liquid water content and no change of cloud droplet spectral shape [Twomey, 1977 [Twomey, , 1991 , the cloud optical thickness increases as N 1/3 , that is the susceptibility, d ln t/d ln N = 1/3. For clouds that exhibit spectral shape change with droplet concentration, Feingold et al. [1997] showed that cloud optical depth is expressed as (see Appendix A)
where h is cloud depth, and f(s) is a function of the breadth of the spectrum. At constant w and h, one can derive from (6) that
On this basis, Feingold et al. [1997] concluded that the classical Twomey treatment that assumes constant spectral breadth s represents a minimum estimate of cloud susceptibility, if the cloud spectrum broadens by cloud microphysical processes (e.g., collision and collection) so that the second term on the right-hand side of (7) is positive. Without the assumption of constant w and h, we have shown in Appendix A that
The first term on the right-hand side of equation (8) (that is ''1/3'') represents the Twomey effect, and the second term represents the dispersion effect. The third term is the cloud dynamical effect due to variations in w and h, which could be positive or negative as discussed by Lu and Seinfeld [2005] . Given a relationship between the subcloud aerosol number concentration N a and cloud droplet number concentration, we can evaluate the effect of dispersion due to aerosol number concentration on cloud optical depth by rewriting (8) as
[5] In this paper we will show from LES simulations that for marine stratocumulus, increasing the aerosol number concentration results in a more susceptible cloud than predicted by the classical Twomey effect with constant spectral shape. The steps relating aerosol number concentration N a to cloud susceptibility are conceptually in Figure 1a . Generally, increasing aerosol number concentration causes more cloud droplets to be activated and decreases both mean cloud droplet size and cloud spectral droplet width (s). Equation (3) Figure 1b , which will be discussed later in section 4.2.
Methodology
[6] We examine the effect of aerosol number concentration on cloud droplet dispersion in stratocumulus through the use of three-dimensional LES simulations including bin microphysics. In the model, subgrid turbulence is parameterized based on an eddy viscosity closure assumption, in which the largest energetic eddies are resolved (LES) and the eddy viscosity is a function of the prognostic turbulent kinetic energy (TKE) [Deardorff, 1980] . Homogeneous mixing is assumed in each grid box and therefore cloud droplet evolution is driven by the grid-averaged thermodynamic variables [Stevens et al., 1996] . More detailed descriptions of the LES model together with the bin microphysics we employ are given by Cotton et al. [2003] and Lu and Seinfeld [2005] . The same simulation strategy as our previous study [Lu and Seinfeld, 2005] is used here, but in this study we focus on the spectral dispersion effect. Two sets of sounding profiles are used in this study representing different precipitating scenarios. The first one is the sounding profile from Moeng et al. [1996] , which represents an idealized nighttime marine stratocumulus approximately based on the FIRE (First ISCCP (International Satellite Cloud Climatology Project) Regional Experiment) on 7 July 1987. Unlike Moeng et al.
[1996], we do not artificially disable the drizzle processes in the simulation, and the simulation exhibits weak surface precipitation [Lu and Seinfeld, 2005] . The second sounding profile is from Stevens et al. [1998] , a nocturnal case idealized from measurements taken from ASTEX (Atlantic Stratocumulus Transition Experiment), and exhibits a much stronger surface precipitation than the FIRE simulation [Lu and Seinfeld, 2005] . The simulations are set up with largescale divergence rate as 5 Â 10 À6 s À1 and sea surface temperature of 288 K. The computational domain is 3.3 km Â 3.3 km horizontally and 1.2 km vertically. The aerosol is assumed to be ammonium sulfate with a lognormal size distribution with r g = 0.0695 mm and s g = 2.03, and aerosol is activated based on Köhler theory. To explore the dependence of k and d on the aerosol number concentration, six constant background aerosol number concentrations are considered, N a = 50, 100, 500, 1000, 1500, 2000 cm À3 for both sounding profiles. The simulations are spun up with initial perturbations to generate boundary layer eddies. These eddies reach quasi-steady state at around 1 hour. Data analyzed in this paper are those of t > 5 hours, a point at which the cloud properties do not exhibit large variations over time. Data points are sampled numerically every 10 min.
[7] The various spectral parameters for bin microphysics used in this study are derived in Appendix B, which include mean (r), surface mean (r s ), volume mean (r v ), and effective (r e ) radii and the standard deviation (s), relative dispersion (d), and the skewness (s) of the spectrum. There are a total of 36 mass-doubling size bins, covering the drop size spectrum from 1.56 mm to 0.64 cm in radius. All of these spectral parameters and k are evaluated at each grid cell at each time step. Figure 14) , to understand the dependence of k on the aerosol burden, we need to understand the relationship of d to the aerosol number concentration and its distribution. The vertical profile of the mean radius r increases with height, and the cloud spectral width s is roughly constant with height with slight peaks at cloud top for both FIRE ( Figure 2 ) and ASTEX ( Figure 3 , except for an increase of s with height for N a = 50-100 cm À3 due to stronger collision and coalescence spectral broadening effect) cases. The ratio s/r gives the relative dispersion d. The vertical profile of d shows that dispersion exhibits maxima near cloud top and base and minimum near midcloud. These general features of d are similar to those previously simulated by Stevens et al. [1996] and observed by Noonkester [1984] . Some differences arise in actual values of the FIRE simulation (Figure 2 ) as compared with Stevens et al. [1996] because the model that we used in this study has been modified as described by Stevens et al. [1996 Stevens et al. [ , 1998 . In this study, we also enable the drizzle process (stochastic collection and sedimentation), which was not considered by Stevens et al. [1996] .
Effect of Aerosol Number Concentration
[9] Vertically averaged values of Figures 2 and 3 are shown in Figures 4 and 5 , respectively, as a function of aerosol number concentration N a . Figures 4 and 5 show that both s and r decrease with increasing N a . These figures also show that d is larger for lower aerosol number concentration, indicating that the sensitivity of s to N a is greater than that of r to N a . The spectral width shows evidently larger values for the more strongly precipitating case (ASTEX), especially at low aerosol number concentration, which, in turn, results in a larger sensitivity of d to N a for the ASTEX case at low N a than in the weakly precipitating FIRE case.
[10] Most of the past studies of k and d [e.g., Martin et al., 1994] were generally obtained from cloud droplet measurements within the typical size range of the FSSP (Forward Scattering Spectrometer Probe) instrument; as a result, these parameters were integrated only over the cloud droplet spectrum, not drizzle. The effect of drizzle, by inclusion of drizzle drops into the calculation, shows slight increases in s, r, and d, especially for N a = 50 cm À3 for the ASTEX case ( Figure 5 ), but virtually no effect on weakly drizzling FIRE (Figure 4 ). The results of increases in s agree with the classical theory that drizzle increases the spectral width as a result of collision and coalescence. Therefore neglect of the contribution from drizzle droplets results in a smaller value of d and thereby a larger k; we will discuss this further in section 5.3.
[11] We also include the averaged skewness in Figures 4 and 5, which show that skewness, calculated over the cloud spectrum, is small and ]1 for the FIRE and ASTEX cases but becomes approximately 2 to 4 for the ASTEX case when drizzle drops are included. The latter will also affect the sensitivity of k with N a , as discussed later in section 5.3.
Dynamical Interpretations of d 4.2.1. Mixing
[12] Figure 6 displays the LES simulated vertical profiles of d and s averaged over the updraft and downdraft regions for the FIRE case. These two parameters are clearly larger in the downdraft region than in the updraft region. Dispersion is the ratio of s/r, and hence larger dispersion in the downdraft near cloud top than the layer-averaged value is contributed mainly by larger downdraft-averaged spectral width (s), since the mean radius is nearly the same at the cloud top for three different averaging methods ( Figure 6 ). Because stratocumulus cloud-top downdraft is associated with cloud-top entrainment, Figure 6 suggests that the peaks of d at cloud top are most likely due to the entrainment mixing of quiescent unsaturated free tropospheric air with saturated cloudy air. We speculate that the peaks of d and s near the cloud base are a result of ''entity'' mixing, as described by Telford et al. [1984] . Some cloud-top parcel ''entities'' evaporate droplets due to entrainment mixing and descend when evaporative cooling effectively makes these parcels denser than others. As these parcels descend, droplets evaporate by adiabatic heating. The larger and fresh drops from the less affected surrounding updraft region are continuously added to these downdraft parcels by horizontal mixing, and therefore larger mean radius and spectral width occur near the cloud base for the downdraft region. The minima of d and s at midcloud are the result of competition between downdraft broadening and condensational growth narrowing.
[13] The effects of cloud-top entrainment mixing and in-cloud turbulence mixing to the averaged d, r, and s as function of aerosol number concentration N a are demonstrated by conditionally averaging these parameters sampled in the adiabatic region (dotted lines in Figures 4 and 5). The adiabatic point is defined for the local LWC within 5% of the adiabatic LWC, which is calculated from cloud base temperature and humidity at each atmospheric column following the analytic expression for adiabatic LWC from Pontikis [1996] . We also use the conserved parameter q e (equivalent potential temperature) to constrain the adiabatic point with local q e within 1% of cloud base q e . The dotted lines in Figures 4 and 5 show that these dynamical mixing processes decrease the mean radius, increase the spectral width, and greatly enhance the dispersion, and these features conform with the trajectory ensemble results in the work of Stevens et al. [1996] and observational studies of Arctic stratus clouds [Curry, 1986] .
[14] Inhomogeneous mixing [Latham and Reed, 1977] , based on the assumption that the evaporation timescale is much smaller than the diffusion/entrainment timescale (and vice versa for homogeneous mixing), is not addressed here. The extent to which inhomogeneous mixing is important in real clouds is not clear since some observational studies [e.g., Hudson, 1984; Noonkester, 1984] did not find evidence for its occurrence.
Boundary Layer Turbulence
[15] Although mixing processes increase the relative dispersion and explain its vertical distribution, the difference between the relative dispersion with mixing and that without mixing (that is, the difference between the solid and the dotted lines in Figures 4 and 5) does not vary significantly with N a , which suggests that other dynamical factors lead to the decrease of d with increasing N a . Figure 7 shows that updraft velocity evidently increases with increasing aerosol number concentration for the ASTEX case with N a 1000 cm À3 ; in the FIRE case there is a lower updraft velocity for clean clouds as compared with polluted clouds. The lower updraft for cleaner clouds is a result of weaker boundary layer turbulence from dynamical effects of precipitation. Precipitation acts to decrease the TKE production through buoyancy in the boundary layer by compensating the cloud-top longwave cooling with drizzle latent heating, resulting in a suppression of entrainment [Stevens et al., 1998; Ackerman et al., 2004; Lu and Seinfeld, 2005] . Furthermore, smaller droplets resulting from more aerosols inhibit drizzle formation. Consequently, we hypothesize that lower updraft velocity associated with cleaner clouds results in less condensational narrowing of the droplet spectrum so that d decreases with increasing N a for N a 1000 cm
À3
( Figures 4 and 5) . Although entrainment mixing increases with increasing N a [Ackerman et al., 2004; Lu and Seinfeld, 2005] , acting opposite to the condensational narrowing effect, from the end result of d decreasing with increasing N a , one concludes that condensational narrowing due to boundary layer turbulence is more sensitive to N a than entrainment mixing on broadening the spectrum, as discussed above.
Collision and Coalescence
[16] One extra set of simulations in which the drizzle process is disabled (collision and coalescence and droplet sedimentation) are carried out for the ASTEX case in order to study the impact of drizzle on the relative dispersion. Figure 8 shows that both the dependences of d and k on N a Figure 10 . Same as Figure 6 but for the ASTEX case.
virtually disappear in the absence of drizzle. Clearly, collision and coalescence processes are an important factor resulting in the decreasing trend of the relative dispersion with N a (for N a 1000 cm À3 ), in agreement with results of Feingold et al. [1997] .
[17] In conclusion, we find that d decreases with increasing N a (for N a 1000 cm
À3
) for which two main physical processes are responsible: (1) the collision and coalescence processes, which increase the (relative) dispersion for cleaner clouds, and (2) less condensational narrowing of the spectrum by weaker updraft because cleaner clouds result in larger drizzle suppression of boundary layer turbulence. Droplet spectral broadening due to entrainment mixing increasing with increased N a but this effect should be relatively small compared to the previous two processes. All of these physical processes contributing to the relationship of d ln d/d ln N a < 0 are summarized in Figure 1b .
Effects of Aerosol Number Concentration
The vertical distribution of k at a selected time, t = 5 hours, for the FIRE case is shown in Figure 9 . We note that k exhibits a large variation both horizontally and vertically (left panel); this behavior was also observed in the stratocumulus field measurements in ACE-2 reported by Brenguier et al. [2000] . The horizontal mean profile shows that k peaks at the middle of the cloud and decreases to the cloud top and base. The frequency distribution (PDF, probability density function) of k shows that the value of k lies mostly in the range of 0.6-1.0. Averaged values of k for N a = 50 cm À3 and 1000 cm À3 are 0.74 and 0.79, respectively. These averaged k values over the wide range of aerosol number concentration studied here are close to that Martin et al. [1994] reported of k = 0.8 ± 0.07 for maritime clouds. Figure 10 is the same as Figure 9 but for the ASTEX case; the general features of vertical profile of k for N a = 1000 cm À3 are the same as those described for Figure 9 . The minimum of k for N a = 50 cm À3 in Figure 10 is plausibly due to the associated cumulus-like circulations for strongly precipitating stratocumulus [Stevens et al., 1998 ] as opposed to solid-deck stratocumulus in Figure 9 . We also find that k for ASTEX exhibits much larger variations in PDF and in the vertical profiles between clean (N a = 50 cm À3 ) and polluted clouds (N a = 1000 cm À3 ) ( Figure 10 ) than FIRE ( Figure 9 ). The PDF in Figure 10 shows that k is evidently shifted to lower values for N a = 50 cm À3 because of the increased dispersion discussed in the next section.
Relationship of k to d
[19] On the basis of field measurements from the east Pacific, south Atlantic, subtropical north Atlantic, and area Figure 11 . Parameterized k versus analytic k (equation (3)) at each grid point for the FIRE and ASTEX cases at t = 5 hours. Light points are calculated by parameterized k based on the gamma distribution (equation (11)), and dark points are calculated assuming zero skewness (equation (10)). Here k is calculated over the cloud spectrum only.
around the British Isles, Martin et al. [1994] suggested that in nonprecipitating stratocumulus with negligible cloud-top entrainment, it can be assumed that s = 0, which leads to
[20] As shown in (3), k depends in general on both relative dispersion, d, and skewness, s. The validity of the assumption of s = 0 typically used in calculating k (10) [Pontikis and Hicks, 1992; Martin et al., 1994] can be examined based on the LES simulations. Scatter plots of k at each grid point (Figure 11 , dark points) confirm reasonable agreement with neglecting skewness for k > 0.6 for both clean (N a = 50 cm À3 ) and polluted (N a = 1000 cm À3 ) cases. However, large deviations are found for k < 0.6, particularly for clean clouds associated with smaller spatially averaged k (also see later Figure 15 ). The reason is that (10) gives the minimum value of k = 0.5 at d = 1; therefore (10) fails for k < 0.5, and s can not be neglected. These points of k < 0.6 in Figure 11 appear somewhat near cloud top and mostly near cloud base for the FIRE case (Figure 9 ) and the ASTEX polluted case (Figure 10 , N a = 1000 cm À3 ), and in the middle of the ASTEX clean cloud (Figure 10 , N a = 50 cm À3 ), where the peaks of s reside (Figure 12 ).
[21] We can also evaluate from the simulations the parameterization for k given by Liu and Daum [2002] , which is basically derived from a gamma droplet distribution in which s is implicitly included through its relationship to d (see Appendix C),
The light-colored data points in Figure 11 show a better agreement of equation (11) with the analytic k from equation (3) than that with s = 0 equation (10) due to the implicit inclusion of skewness in (11). Examination of equation (11) with the ''true'' k from equation (3) (Figure 13) shows that the parameterization of equation (11) is basically close to equation (3) (11) to these two meteorological conditions.
[22] The parameterized k as a function of d is shown in Figure 14 , which shows that k is a decreasing function of d for both (10) and (11). We find that the dependence of k on dispersion is larger for k parameterized by (11) than (10), indicating the importance of skewness especially for smaller k (larger d), which makes k more sensitive to d. Therefore the large skewness near cloud base or in the middle of the cloud in Figure 12 should not be neglected, which will affect the sensitivity of k to N a that is discussed in the next section.
Relationship of k to N a
[23] Figure 15 shows that k increases with increasing N a because d decreases with N a . This results because of the Figure 12 . Vertical profiles of skewness (s) for FIRE and ASTEX cases, selected at t = 5 hours. Here s is calculated over the cloud spectrum only.
negative correlation between k and d shown in Figure 14 . This sensitivity of k to N a as a result of the indirect response of dispersion to aerosol number suggests the importance of droplet collision and coalescence processes and boundary layer turbulence changes from drizzling in affecting the cloud susceptibility through spectral dispersion. As discussed in section 2, the sensitivity of k to N a could impact the calculation of cloud susceptibility, in which the cloud susceptibility is increased, if there is a positive correlation between k and N a . Therefore we perform regression of k and N a in Figure 15 , and the results of d ln k/d ln N a are summarized in Table 1 . Regression results show that d ln k/d ln N a is small ($0.03) for the FIRE case that exhibits weak drizzle, while it is large ($0.2) for the ASTEX case that shows strong precipitation. The increase of k with N a for ASTEX, occurs over low N a range (N a = 50À500 cm À3 ).
[24] We also investigate the impact of the neglect of skewness by assuming s = 0 in (3) on the spectral dispersion effect. Results in Table 1 show that the neglect of skewness reduces the sensitivity of k to N a (or reduces the dispersion effect). The error in assuming s = 0 on d ln k/d ln N a for the FIRE case is about À7% and is larger if drizzle is also taken into account. In the ASTEX case, the error is about À16% and it increases to À43% if drizzle is considered. Therefore the neglect of skewness in calculating k could lead to a significant underestimate of the dispersion effect for strongly precipitating stratocumulus.
[25] We can evaluate the effect of dispersion on cloud optical depth relative to the Twomey effect as given in (9). In order to evaluate this term, the relationship of cloud droplet number concentration to subcloud aerosol number concentration needs to be known. The regression results (10) and (11) as a function of relative dispersion.
show that d ln N/d ln N a = 0.89 (R 2 = 1.0) and 1.02 (R 2 = 1.0) for the FIRE and ASTEX cases, respectively. Therefore d ln k/d ln N is about 2.8%-4.3% for FIRE and 16%-39% for ASTEX.
[26] Finally, we note that values of k from the in situ measurements are generally derived from cloud spectrum (radius approximately <25 mm) [e.g., Martin et al., 1994] . Our results shown in Figures 5 and 15 suggest that neglect of drizzle in determining k could overestimate k by underestimating d at low N a . The errors due to neglect of drizzle drops in calculating d and k are evident for strongly precipitating ASTEX case at N a = 50 and 1000 cm À3 . Observational evidence of smaller k due to drizzle is provided from INDOEX measurements by McFarquhar and Heymsfield [2001] . Another study by Wood [2000] using observational data of various stratocumulus also found an underprediction of effective radius due to neglect the drizzle drops in calculating k when significant drizzle is present. Moreover, our simulation results show that including drizzle results in a larger spectral effect on susceptibility Table 1 . Regression of Data in Figure 15 
k With s = 0 in (3) (i.e., Equation (10)) k by Equation (3) k With s = 0 in (3) (i.e., Equation (10) Table 1. because d ln k/d ln N is larger when drizzle drops are considered (Table 1) , and the effect is more prominent for strongly precipitating clouds.
Comparisons With Observations
[27] We have shown that the cloud droplet spectral width (s) basically becomes broader for lower N a , which is in agreement with a number of observations [e.g., Pruppacher and Klett, 1997; Miles et al., 2000; Yum and Hudson, 2005] and the simulation by Feingold et al. [1997] that have shown typically cleaner, or maritime, clouds have a larger droplet spectral width (i.e., s) than polluted or continental clouds. Nevertheless, the relationship of relative dispersion (d) to N a from observations is somewhat ambiguous. Observations from Martin et al. [1994] , McFarquhar and Heymsfield [2001], and Miles et al. [2000] near cloud base show that d is smaller in marine stratus than in continental stratus (Table 2) . Liu and Daum [2002] also note from observational data that polluted clouds exhibit larger relative dispersion d as compared with more pristine marine clouds. However, we have found a contrary relationship from a comprehensive in situ measurement database of boundary stratiform clouds [Miles et al., 2000] that the relative dispersion tends to decrease as cloud droplet number concentration increases for marine stratus, although there is clearly much scatter in the data (Figure 16 ). This figure is derived from Tables 1 and 2 of Miles et al. [2000] that consist of the compiled data sets from 17 separate in situ observational studies of both marine and continental stratiform clouds under various meteorological conditions and locations and spans over many years. We also demonstrate that the present simulation results are basically in agreement with the values and trends with Miles et al's data (although somewhat off for N > 600 cm À3 where the observational data points are scarce as well). Value is from pages 6 -9 but is not found in their cited reference . Tables 1 and 2 of Miles et al. [2000] , which serves as a comprehensive in situ database that was compiled from 17 references of observational data of low-level stratiform clouds. Dispersion is calculated as the ratio of standard deviation about the mean diameter over the mean diameter. Regression results of the data points for marine and continental stratus are shown. Simulations of FIRE and ASTEX cases are also shown (data beyond 1000 cm À3 are not shown).
relationship of k with N a as our simulations. Besides the agreement of the present simulation results with those in Figure 16 , one observed case in the work of Ackerman et al.
[2000, Figure 3b ] shows smaller k for clean clouds.
Conclusions
[29] Through three-dimensional LES simulations of marine stratocumulus, we investigate the factors that control the relative dispersion as a result of increasing aerosol number concentration. We also explore the extent to which relative dispersion (d) either enhances or diminishes the Twomey effect through the coefficient k, which relates cloud droplet effective radius and volume mean radius in large-scale models. Here k is a function of relative dispersion and skewness, and it inversely depends on d.
[30] We find that relative dispersion decreases with higher aerosol loading (where aerosol loading is a measure of the level of pollution) particularly at low N a (N a 1000 cm À3 ), in agreement with the observational data derived from Miles et al. [2000] of 17 separate studies shown in Figure 16 . Because d is the ratio of s/r, we show that this trend of decreasing d with increasing N a is a result of faster decreases of d than r with N a . The mechanisms that lead to this trend (summarized in Figure 1b ) are mainly as a result of the increasing collision and coalescence processes that broaden the droplet spectrum at lower N a , and the smaller condensational spectral narrowing due to weaker updraft velocity as a result of drizzle suppression of boundary layer turbulence at lower N a . Entrainment mixing acts to mitigate this inverse dependence of d on N a , but these effects are not significant. Through the dependence of the relative dispersion on aerosol number concentration, k increases modestly with increased aerosol loading. We note that the large skewness evidently near the cloud edge and in the middle of the cloud, and more prominent when drizzle droplets are taken into account, results in large deviations from the parameterization of k using equation (10), which is derived analytically assuming s = 0.
[31] We also find that stratocumulus clouds are more susceptible than predicted by the classical Twomey effect that neglects the variation of dispersion with aerosol number concentration. Our simulations also show that neglecting skewness results in an overestimate of k and an underestimate of the dispersion effect (i.e., d ln k/d ln N), and neglecting drizzle droplets also leads to an underestimate the dispersion effect. The larger impact on cloud susceptibility for ASTEX as compared with FIRE suggests that drizzle processes play an important role in enhancing cloud susceptibility at the similar cloud LWC and depth through the dispersion effect. The maximum enhancements of the Twomey effect are found to be 4.2% and 39% for the FIRE and the ASTEX cases (N a = 50-500 cm À3 ), studied here. Although washout of aerosols by drizzle drops is not included in the simulations, we expect that mechanism would enhance dispersion by reducing the activated droplets and accelerating the broadening through increased drizzle.
[32] The trend of d with aerosol number concentration depends on the variation of s and r with aerosol loading. Because the parameters k and d are, in general, affected by the aerosol characteristics (e.g., chemical composition (e.g., organic films by Feingold and Chuang [2002] ), nitric acid by Xue and Feingold [2004] , and size), cloud dynamics (e.g., turbulent mixing, updraft velocity variance, and collision and coalescence processes, cloud inhomogeneity, and curvature effect on the droplet growth equation by Wood et al. [2002] ) and meteorological conditions (sounding, SST), it has proved difficult to clearly extract the effect of aerosol loading on k and d from field measurements. The LES simulations in the present work provide a firm foundation for understanding the effect of aerosol loading on cloud droplet dispersion. where Q ext = 2 for typical cloud droplets at the visible wavelengths. From equations (1), (2), and (B3), (A1) becomes
If we assume that hN 1/3 k 1/3 w 2/3 i = 1 h
dz ffi hNi 1/3 hki 1/3 hwi 2/3 (for a near adiabatic cloud for which k and w are linear function of z and N is roughly constant with z, the approximation holds; approximately constant vertical profile of N is commonly observed in marine stratiform clouds [Miles et al., 2000] and also seen in the simulation (not shown)), where h i denotes the vertical average, (A2) can be approximated as
Therefore using the chain rule by taking derivative of t with hNi, also dropping the symbol h i, we get 
Therefore the mean, surface mean, and volume mean radii for the bin microphysics can be derived from (B1) and Tzivion et al. [1987] as where N j and M j are number and mass concentrations in bin j, respectively; j = 13 corresponds to 25 mm, defined as the cutoff size between the cloud and drizzle spectrum, and c = (4pr w /3) À1/3 . Liquid water droplet number concentration N = X j N j . The cloud droplet effective radius is calculated as r e r
